Little is known about the genetics controlling the rate of embryonic development in salmonids, despite the fact that this trait plays an important role in the life history of wild and cultured stocks. We investigated the genetics of embryonic development rate by performing an analysis of quantitative trait loci (QTL) on two families of androgenetically derived doubled haploid rainbow trout produced from a hybrid of two clonal lines with divergent embryonic development rates. A total of 170 doubled haploid individuals were genotyped at 222 marker loci [219 amplified fragment length polymorphism (AFLP) markers, 2 microsatellites, and p53]. A genetic linkage analysis resulted in a map consisting of 27 linkage groups with 21 of the markers remaining unlinked at a minimum LOD of 3.0 and maximum of 0.40. Eight of these linkage groups were matched to published rainbow trout linkage groups. Composite interval mapping (CIM) revealed evidence for two QTL influencing time to hatch, and suggestive evidence for a third. These QTL accounted for a total of 24.6% of the variation in time to hatch. One of these QTL had a large effect on development rate, especially in one family of doubled haploids, in which it explained 25.6% of the variance in time to hatch. QTL influencing embryonic length and weight at the commencement of exogenous feeding were also identified. The QTL with the strongest effect on embryonic length (lenR13) mapped to the same position as the QTL with the strongest effect on time to hatch (tthR13), suggesting a single QTL may have a pleiotropic effect on both these traits. These results suggest that the use of clonal lines with a doubled haploid crossing design is an effective way of analyzing the genetic basis of complex traits in salmonids.
Little is known about the genetics controlling the rate of embryonic development in salmonids, despite the fact that this trait plays an important role in the life history of wild and cultured stocks. We investigated the genetics of embryonic development rate by performing an analysis of quantitative trait loci (QTL) on two families of androgenetically derived doubled haploid rainbow trout produced from a hybrid of two clonal lines with divergent embryonic development rates. A total of 170 doubled haploid individuals were genotyped at 222 marker loci [219 amplified fragment length polymorphism (AFLP) markers, 2 microsatellites, and p53]. A genetic linkage analysis resulted in a map consisting of 27 linkage groups with 21 of the markers remaining unlinked at a minimum LOD of 3.0 and maximum of 0.40. Eight of these linkage groups were matched to published rainbow trout linkage groups. Composite interval mapping (CIM) revealed evidence for two QTL influencing time to hatch, and suggestive evidence for a third. These QTL accounted for a total of 24.6% of the variation in time to hatch. One of these QTL had a large effect on development rate, especially in one family of doubled haploids, in which it explained 25.6% of the variance in time to hatch. QTL influencing embryonic length and weight at the commencement of exogenous feeding were also identified. The QTL with the strongest effect on embryonic length (lenR13) mapped to the same position as the QTL with the strongest effect on time to hatch (tthR13), suggesting a single QTL may have a pleiotropic effect on both these traits. These results suggest that the use of clonal lines with a doubled haploid crossing design is an effective way of analyzing the genetic basis of complex traits in salmonids.
Embryonic development rate plays a significant role in the evolutionary biology and successful aquaculture of salmonid fishes. The shape of the embryonic development rate reaction norm is important in stabilizing timing of fry emergence among populations of salmonids ( Brannon 1987) , resulting in reduced predation rates (Godin 1982) , optimal availability of prey upon commencement of exogenous feeding, and appropriate conditions for fry migration ( Holtby et al. 1989 ). Significant genetic variation for development rate has been observed in both hatchery ( Ferguson et al. 1985; McIntyre and Blanc 1973) and wild ( Beacham 1988; Hebert et al. 1998; Tallman 1986 ) populations of salmonids. In addition, time from fertilization to hatch, an indicator of development rate, has been shown to be genetically correlated to length of fry in pink salmon (Oncorhynchus gorbuscha) ( Beacham 1988) , and is associated with larger size and earlier sexual maturity in some strains of rainbow trout (O. mykiss) (Allendorf et al. 1983 ).
With the exception of a rare regulatory mutation for the expression of Pgm-1 (Allendorf et al. 1983) , the nature of the genes controlling the rate of embryonic development in salmonids remains largely unknown. Knowledge of the number, position, and average effects of genes influencing the rate of development would be valuable for further research into the economic and evolutionary implications of variation in this trait. Typically determination of the number, position, and effects of loci influencing quantitative traits such as development rate is accomplished by identifying quantitative trait loci (QTL) in conjunction with a genetic linkage map ( Lander and Botstein 1989) .
Rainbow trout provide an excellent model for the study of quantitative traits relevant to salmonid biology. They are an important species in biomedical applications as well as in the aquaculture and sportfishing industries. Homozygous clonal lines of rainbow trout are available which provide a defined genetic system in which the genetics of quantitative traits can be studied ( Young et al. 1996) . Recently a cross among clonal lines was used to produce a population of doubled haploid rainbow trout, which subsequently allowed the production of a genetic linkage map for the species ( Young et al. 1998) .
A separate clonal line of rainbow trout derived from a population in the Swanson River, Alaska, has been shown to have accelerated embryonic development relative to other clonal lines (Robison et al. 1999) . The accelerated development rate of the Swanson River clone is reflective of an accelerated development rate in the source population (Robison and Thorgaard, unpublished data) . This suggests that one or more QTL for development rate may be segregating among the clonal lines and that these QTL may be relevant in an evolutionary context.
The use of homozygous clonal lines for QTL analysis has two advantages. First, the ability to use a doubled haploid genetic design increases the power to detect QTL over a more traditional backcross (Carbonell et al. 1993) . Second, the use of inbred clonal lines provides the ability to employ new analytical techniques such as composite interval mapping (CIM) ( Zeng 1994) , whereas other QTL studies in salmonids have relied upon more conventional single-marker analysis of variance (ANOVA) techniques (Jackson et al. 1998; Sakamoto et al. 1999 ) in a backcross design. CIM allows markers on the linkage map to be fitted as cofactors in the model, controlling for the effect of QTL outside the interval under examination. In this article we report the identification of QTL influencing time to hatch, embryonic length, and weight at swim-up in rainbow trout using CIM.
Materials and Methods

Animals
Two homozygous clonal lines of rainbow trout have been previously shown to have divergent hatching times (Robison et al. 1999) , suggesting the presence of segregating QTL. The clonal line derived from the Swanson River, Alaska, population of rainbow trout (SW) has an accelerated development rate relative to a clonal line derived from a domesticated rainbow trout from Oregon State University (OSU). The SW (all male YY) and OSU (all female XX) clones were crossed to produce an all male ( XY) F 1 generation. A sample of the largest F 1 individuals was induced to spawn prior to 1 year of age by an intraperitoneal injection of 1 mg/kg body weight pituitary acetone extract (Sigma) three times a week. The sperm from these individuals was used to produce two families of androgenetic doubled haploid rainbow trout (Parsons and Thorgaard 1985) . Family 1 was fertilized on December 16, 1998, and was incubated in a Heath-style incubator at a constant 10.4ЊC. An insufficient number of individuals (65) for a QTL analysis were generated in family 1, so a second family of doubled haploids was fertilized on March 18, 1999, which produced 224 individuals. Family 2 was incubated at a slightly higher temperature (11.6ЊC) due to a problem with the temperature control of the environmental chamber.
Traits
After eye pigmentation was visible in the embryos, they were transferred to 80 well incubation boxes and time to hatch was monitored as described in Robison et al. (1999) . All embryos that hatched at a given time were removed and placed together in a different incubator. At the swim-up stage (when rainbow trout fry are ready to begin exogenous feeding), all of the surviving individuals of family 1 and 158 of the surviving individuals of family 2 were sacrificed and preserved in 95% ethanol. The remaining members of family 2 were placed in tanks and reserved for further experimentation. The total length of the preserved embryos (to the nearest millimeter) was measured, and wet weight was determined to the nearest tenth of a milligram with a Mettler H31AR balance.
Genetic Map
The cross used in this study (OSU ϫ SW) differed from that used in the previously published linkage map (OSU ϫ Arlee; Young et al. 1998) , and thus a framework of evenly spaced molecular markers was not available. We therefore generated our own linkage map with the intention of aligning the results with the published map using markers segregating in both crosses.
One hundred and seventy doubled haploids (58 from family 1 and 112 from family 2) were genotyped at 222 marker loci. These loci consisted of 219 amplified fragment length polymorphism (AFLP) markers, the microsatellites One2 and One19 (Scribner et al. 1996) , and an AluI polymorphism in the 3Ј untranslated region of the p53 gene. AFLP markers were produced following the guidelines in the Perkin Elmer Applied Biosystems AFLP Mapping Protocol for Genomes 500-6000 Mb. A total of 16 primer pairs were analyzed, producing an average of 13.7 polymorphisms per primer pair. AFLP fragments were visualized using a Cy5-labeled EcoRI primer on a Storm imaging system (Molecular Dynamics) as described by Roman et al. (1999) . Previously mapped AFLP loci were named as in Young et al. (1998) , with the selective nucleotides of the EcoRI primer followed by those of the MseI primer, and finally by the size in base pairs and the source of the band. All previously unmapped AFLP loci are named according to the selective nucleotides (EcoRI, MseI), followed by the order of appearance on the gel, bottom to top.
These marker loci were used to construct a genetic linkage map with MapMaker EXP version 3.1 ( Lander et al. 1987) and MapMaker-II for the Macintosh ( Dr. Scott Tingey, Dupont Experimental Station, Wilmington, DE). The F 2 intercross genetic model used by MapMaker EXP gave very similar results to the doubled haploid genetic model employed in the Macintosh version of MapMaker. The doubled haploid genetic model in MapMaker II was used to produce the linkage map, and MapMaker EXP's error detection function was then used to identify candidate errors in the data. Markers segregating in both the OSU ϫ Arlee cross used by Young et al. (1998) and the OSU ϫ Swanson cross used in this study were employed to match the linkage groups produced by this study with those of the published map. Since no allozymes have been genotyped in the OSU ϫ Swanson or OSU ϫ Arlee mapping panels, direct comparison to the composite salmonid allozyme map (May and Johnson 1989) was not possible. Grouping of markers was initially performed at a minimum LOD of 3.0 and a maximum of 0.40. This analysis revealed two of the initial linkage groups (R7 and R17) which were larger than any seen in the published map. These linkage groups were subsequently checked at a minimum LOD of 4.0 and a maximum of 0.30, and split into subgroups which could be ordered more effectively.
QTL Analyses
Composite interval mapping (CIM; Zeng 1993 Zeng , 1994 ) was used to scan the genome for evidence of QTL influencing development rate, embryonic length, and weight at swim-up. This was performed using model 6 in QTL cartographer ( Basten et al. 1994 ( Basten et al. , 1997 ) with a window size of 5.0 cM and five other markers used as cofac- tors in the model. Significance thresholds for each trait were determined by permutation tests at the 5% level (Churchill and Doerge 1994; Doerge and Churchill 1996) with 500 replicates each.
Since the two families of doubled haploids were incubated at slightly different temperatures, the significance of any QTL detected using the combined dataset was also tested in each family individually. Significance thresholds (5%) for time to hatch and length within each family were also determined using permutation tests with 500 replicates.
Results
Linkage Map
The genetic linkage analysis resulted in 27 linkage groups, with 21 of the markers remaining unlinked at a LOD of 3.0 and a maximum of 0.40 ( Figure 1 ). The total size of the map was 1265.2 Kosambi cM, 48.2% of the estimated minimum genome size of rainbow trout ( Young et al. 1998) . The AFLP markers tended to cluster together, as has been observed previously in rainbow trout ( Young et al. 1998 ) and some crops ( Keim et al. 1997; Vuylsteke et al. 1997) . The mean distance between adjacent markers was 7.21 cM, but when clustered markers (those separated by less than 1 cM) were not considered mean intermarker distance was 9.6 cM.
Of the 222 loci mapped, 9 (8 AFLP and 1 p53 locus) have been previously mapped in rainbow trout. Seven of these loci appear in the published rainbow trout map, while two (ACGAAG221a and p53) have been recently added to the published map ( Young and Robison, unpublished results) . These loci allow us to match our linkage groups with those published by Young et al. (1998) . Eight of the 31 published linkage groups in rainbow trout can be accounted for in this manner (parenthetical roman numerals in Figure 1 ). Linkage group R2 contains the AFLP marker ACGAGA93a, which maps to linkage group XIV ( Young et al. 1998) , as well as the p53 locus, which maps to linkage group XX ( Young WP and Robison BD, unpublished results) . This suggests that linkage groups XIV and XX from Young et al. (1998) may be on the same chromosome.
QTL Analyses
Mean time to hatch of family 1 was 332.0 days, with a standard deviation of 20.8. Mean time to hatch of family 2 was 318.6 days with a standard deviation of 13.7. A group of OSU clones fertilized at the same time as family 2 had a mean time to hatch of 336.9 days and had a smaller standard deviation (6.1) than doubled haploids incubated at the same temperature. This is not unexpected, as the variance in time to hatch in the clonal population is due entirely to the environment, while the variance among the doubled haploids is due to the environment plus the effects of QTL segregating for time to hatch. The distributions of hatching times from the OSU clonal parent and both families of doubled haploids are shown in Figure 2 .
Five hundred permutations of the data from both families resulted in 5% LOD significance thresholds of 2.72 for time to hatch, 2.66 for length, and 2.51 for weight. Any LOD score above 2.5 but below the 5% threshold was considered suggestive evidence for a QTL at that position. Significance thresholds for time to hatch in families 1 and 2 were 2.58 and 2.13, respectively, while thresholds for length in families 1 and 2 were 2.40 and 2.55. Significant QTL were observed on only four linkage groups-R13, R11, R9, and R6 ( Figure  3 ). The proportion of variance explained by these QTL ranged from 4.6% to 14.7% ( Table 1) .
There is good evidence for two QTL influencing time to hatch in this cross, one on linkage group R13 (tthR13) and one on linkage group R6 (tthR6). In addition, there is suggestive evidence ( LOD ϭ 2.54) for a third QTL influencing time to hatch on linkage group R9 (tthR9). These three QTL accounted for a total of 24.6% of the total variance in time to hatch. The additive effects of these QTL were all negative, indicating that the allele for rapid development (early time to hatch) came from the fast developing Swanson River parent in all cases. The QTL tthR13 has a particularly strong influence on time to hatch, especially in family 2, where it explains 25.6% of the variance in time to hatch.
Two QTL influencing embryonic length were identified, one on linkage group R13 (lenR13) and one on linkage group R6 (lenR6). These two QTL accounted for a total of 22.6% of the variance in length among the doubled haploids. The additive effects of both these QTL were positive, indicating that in both cases the allele causing an increase in length came from the Swanson parent. The most likely positions for tthR13 and lenR13 are at the same location on linkage group R13, suggesting that a single QTL may be influencing both traits ( Figure 3) .
Two QTL influencing embryonic weight at swim-up were detected, one on linkage group R11 (wtR11) and one on linkage group R6 (wtR6). These QTL explained a An asterisk denotes a LOD above the significance threshold for that trait. The additive effect, a, is the effect of replacing one OSU allele with one SW allele. R 2 is the proportion of variance in the trait explained by the QTL.
total of 26.2% of the variance in weight. For wtR11, the Swanson River allele had an additive effect of Ϫ5.13, while the Swanson River allele for wtR6 had an additive effect of 6.70. On linkage group 6, both wtR6 and tthR6 were localized to the same position, again suggesting that a single QTL may be influencing both time to hatch and embryonic weight ( Figure 3 ).
Discussion
Evidence for QTL influencing time to hatch was found on two of the 28 linkage groups, R13 and R6. The QTL with the largest effect in time to hatch, tthR13, can be placed at a previously unmapped AFLP locus (ACGAAG4) on linkage group R13, which is homologous to linkage group IX of the published rainbow trout map ( Young et al. 1998) . The evidence for the presence of a QTL at this location is very strong ( LOD Ͼ 7.0) in the analysis of the pooled data and in the analysis of the data from family 2. In the larger of the families (family 2), tthR13 explains 25.6% of the total variance in time to hatch, suggesting that this QTL can have a major effect on embryonic development rate. Adaptation of embryonic development rate to specific temperature regimes has been indicated in several species of salmonids ( Beacham 1988; Brannon 1987; Hebert 1998; Robison BD and Thorgaard GH, unpublished results; Tallman 1986) , and identification of a QTL of major effect such as tthR13 will help in the study of the genetics involved in adaptation to new environments. This study represents the first QTL analysis in fish using a doubled haploid design. Doubled haploids have been used extensively for QTL mapping in many crops, including barley (Romagosa et al. 1999; Spaner et al. 1999) , wheat ( Tixier et al. 1998) , maize (Marhic et al. 1998) , rape ( Teutonico et al. 1995) , and rice ( He et al. 1998) . The current rainbow trout linkage map ( Young et al. 1998 ) was also produced using doubled haploids. A doubled haploid design is advantageous in that it has more power to detect QTL (Carbonell et al. 1993 ) than a backcross, and if required, doubled haploid lines can be maintained through successive rounds of androgenesis or gynogenesis.
The QTL with the lesser effect on time to hatch, tthR6, cannot as yet be assigned to any previously published linkage group. There is also suggestive evidence for a third QTL for time to hatch on linkage group 9, however, more individuals would have to be genotyped to verify that this QTL is real. The positions of both tth13 and tth6 are at the ends of their respective linkage groups and thus the exact positions of these QTL remain uncertain. More telomeric markers will have to be added to the map with the goal of flanking the QTL, which would allow a better estimate of position.
All of the QTL influencing time to hatch had additive effects less than zero, indicating that the alleles causing rapid embryonic development (and thus early time to hatch) came from the Swanson River clonal parent. This is consistent with the observation that both the Swanson River source population and the clone derived from this population have accelerated rates of development (Robison BD and Thorgaard GH, unpublished data; Robison et al. 1999) . These data suggest that control of time to hatch is polygenic, although the large effect of tthR13 clearly shows that all loci influencing time to hatch do not have equal effects.
Two genes which may influence time to hatch in fish are phosphoglucomutase (PGM) and lactose dehydrogenase ( LDH). A regulatory mutation causing liver expression of Pgm-1 has been shown to influence time to hatch in rainbow trout (Allendorf et al. 1983) , presumably through a change in the rate of glycogen flux in the liver. However, neither the Swanson or the OSU clonal line show evidence of liver expression of Pgm-1 (Robison BD, unpublished data) , indicating that this regulatory mutation is not segregating in the OSU ϫ Swanson cross. LDH has been shown to influence rate of embryonic development in Fundulus ( DiMichelle and Powers 1991), however, its effect on salmonid development is unknown.
Evidence for QTL influencing length at swim-up was found on the same two linkage groups carrying QTL for time to hatch, R13 and R6. The alleles causing increased length for both lenR13 and lenR6 came from the Swanson River clonal parent. The two QTL influencing length explain a total of 22.6% of the variance in length. The map positions of lenR13 and tthR13 are identical, suggesting the same QTL may have a pleiotropic effect on both traits. The current dataset is insufficient to determine if one gene underlies both these QTL or if the QTL represent two separate, but tightly linked genes.
Length of fry is genetically correlated to time to hatch in pink salmon ( Beacham 1988) , and the PGM regulatory mutation that influences time to hatch also caused increased growth rate in rainbow trout (Allendorf et al. 1983 ). The mechanism behind this relationship is unclear. Hatching time may be influenced directly by the size of the embryo, as embryos that reach a certain size earlier may have an easier time breaking through the chorion.
There was evidence for QTL influencing weight at swim-up on 2 of the 28 linkage groups, R11 and R6. The total variance explained by these QTL was 26.2%. Unlike the QTL influencing time to hatch and length at swim-up, wtR6 and wtR11 had additive effects that were opposite in sign. The Swanson River allele for wtR6 causes an average increase in weight of 6.70 mg, while the Swanson River allele for wtR11 causes an average decrease in weight of 5.13 mg. The QTL wtR6 maps to the same position as tthR6, suggesting that the same QTL may influence both traits. As in the case of tthR13 and lenR13, however, the fact that the QTL map to the end of the linkage group makes an exact position difficult to determine. No relationship between time to hatch and weight at swimup has been previously identified in salmonids, and the mechanism determining the weight of the embryo before the commencement of exogenous feeding is not known. Differences in weight may be a result of the amount of yolk remaining, or may be a reflection of the efficiency with which yolk energy is transformed into somatic tissue during development.
The linkage map produced using the Swanson ϫ OSU cross is 1265.2 Kosambi cM, roughly 48% of the estimated genome size of rainbow trout ( Young et al. 1998) . One likely reason for the reduced genome coverage of the OSU ϫ Swanson map is the use of predominantly AFLP-type markers. AFLP markers tended to cluster together, as observed previously in rainbow trout ( Young et al. 1998) , corn ( Vuylsteke et al. 1997) , and soybeans ( Keim et al. 1997) . This is likely because of a centromeric bias in location of AFLP-based polymorphisms. The reduced genome coverage in this study suggests that additional QTL might be detected with the addition of more telomeric markers, such as VNTRs ( Young et al. 1998) or PstI-based AFLP (Powell et al. 1997) .
The evidence for QTL was evaluated using information from both families of doubled haploids simultaneously, but the fact that the families were incubated at slightly different temperatures resulted in different development rates. The significance of the QTL identified using the data from both families was therefore tested in each family independently. The QTL of largest effect on time to hatch, tthR13, had a significant effect on time to hatch in both families of doubled haploids (see Table 1 ). The evidence for the remaining QTL, however, did not exceed the LOD threshold in at least one of the families of doubled haploids, usually family 1. This is likely due to the reduced power to detect QTL when the number of individuals is low, as is the case in family 1. There are two other possible explanations for this observation, however. The first is that the environment may influence the effects of the QTL, resulting in a genotype ϫ environment interaction. Given the small difference in incubation temperature, this explanation seems unlikely. Second, maternal effects such as variation in egg size may influence the effects of the QTL. More investigation into QTL ϫ temperature and QTL ϫ maternal environment interactions will be required to determine their role in producing the development rate phenotype.
The results presented here represent a foundation for future studies into the genetics of economically important traits in salmonids. If the effects of QTL influencing length and weight at swim-up translate into faster growth later in life (see Wu et al. 1999) , then these QTL could be employed in a marker-assisted selection program. The QTL identified in this study can also be used to address important topics in the evolutionary biology of salmonids. Identification of potential genetic tradeoffs has been successfully carried out using QTL data in Arabidopsis (Mitchell-Olds 1996) , and there is some evidence of a trade-off between rate of embryonic development and spawning time in that earlier spawning populations of salmonids tend to develop slower than late spawning populations ( Beacham 1988; Hebert 1998; Tallman 1987) . The genetic architecture underlying the reaction norm of development rate can also be studied using the QTL identified here, as can the role of natural selection on time to hatch in natural populations.
The use of homozygous clones for the analysis of quantitative traits has tremendous potential. Clonal lines can be developed from source populations with adaptations important in either an economic or evolutionary context. This study demonstrates that these clonal lines can be used to map the loci underlying quantitative variation of important traits.
